50 times higher than the ones in typical soils. For this reason the radioactive impact of this industry has been Phosphogypsum (PG) is a residue of the phosphate fertilizer indusextensively studied in the recent years (Periá ñ ez and try that has relatively high concentrations of
K were found in the
To prevent environmental and health risks, the com- Ra in acid factories, which use phosphate rock as raw maSpanish PG ranging from 400 up to 1000 Bq kg Ϫ1 . It is terial. Concentrations of 238 U in phosphate rocks are relevant to study the amount of these isotopes that can usually high. Uranium-238 activity concentrations rangmove to water and plants to ensure the radiological ing from 700 to 1000 Bq kg Ϫ1 have been described in safety of the use of PG as a Ca amendment. Adsorption these materials (Bolívar et al., 1996a) . Radium isotopes, of radionuclides to soil components (clay minerals, caressentially 226 Ra, are also present in phosphate rock, bonates, iron oxides) may produce a low activity in with activity concentrations ranging between 1000 and soil solution, limiting drainage loses and absorption by 1300 Bq kg Ϫ1 (Bolívar et al., 1996a) . About 85% of U crops. Studies about the environmental effect of PG present in phosphate rock passes to resulting phosphoric application have been conducted in acid soils from Floracid, while about 90% of the 226 Ra remains in the PG ida (Alcordo et al., 1999) , but there is a lack of informawastes (Bolívar et al., 1996a) .
tion about the dynamics of radionuclides applied with The Spanish fertilizer industry produces annually 3 PG in drained marsh soils from the Mediterranean remillion Mg of PG, that are the result of the processing gion with a high sorption capacity, but where the preferof 2 million Mg of phosphate rocks. This production is ential flow to drains may represent an important loss located in Huelva (southwestern Spain). The activity of radionuclides to water. The aim of this work is to concentrations of natural radionuclides in PG are about study the radionuclide enrichment of soil, drainage water, and crops after PG application at usual rates in the
The water balance during the campaigns 1998-1999 and K (natural). These are not related to the practices, and soils can be obtained in Moreno et al. (1981) PG inputs and thus they can be used as reference. Also,
MATERIALS AND METHODS

226
Ra, and Domínguez et al. (2001) .
Th, and U isotopes (natural occurring), were studied; the conSoil in the experimental site was sampled at four different centrations of these can be enhanced by the PG treatment. depths (0-30, 30-60, 60-90, and 90-120 cm) . For each depth, Soil was sampled selecting three points along each one of a composite sample was made from 32 soil cores randomly the eight plots (at the center and at 50 m toward the edges taken in the plot. Soil samples were air-dried and ground to in a longitudinal section) in January 2000 to study the content pass a 2-mm screen. Particle size analysis was performed by of radionuclides after two amendment applications. At each using the pipette method, following treatment with a HOAcpoint, two soil cores were collected at two different depths NaOAc buffer (pH 4.75) to remove carbonates cm; the last one only in control and 26 Mg Bauder, 1986). Organic carbon was determined by dichromate PG ha Ϫ1 plots). Samples were air-dried and ground to pass a oxidation. The total calcium carbonate equivalent (CCE) was 2-mm screen and measured by ␥ spectrometry. Similar meadetermined from the weight loss on treatment with 6 M HCl.
surements were performed for a nonreclaimed marsh soil (no The 1:1 extract obtained using the procedure of Rhoades agricultural use and no PG applied) close to the experimental (1996) was analyzed for electrolytic conductivity, pH, and site and that can be considered a soil with similar properties cationic composition. In the 1:1 extract, Na, K, Ca, and Mg to the one in the experimental site before reclamation. were determined, using flame photometry for K and Na, and
The uptake of radionuclides by plants is highly dependent atomic absorption spectroscopy for Mg and Ca.
on the isotope, the plant type, and plant organs (International Atomic Energy Agency, 1994) . To compare the effects of
Experimental Design
different amendments on plant uptake, the second crop (cotton) was selected, after two applications of PG when the bioFor the experiment, a randomized block design with two availability was highest. Radionuclide analysis in plant materireplications was used. Treatments were (i) control (no amendals was done by ␥ spectrometry only in cotton leaves. Leaf ment applied), (ii) 13 Mg ha Ϫ1 of PG, (iii) 26 Mg ha Ϫ1 of PG, samples were taken in September 2000 from the upper part and (iv) 30 Mg ha Ϫ1 of manure. The last one was used because of 25 plants, washed, and dried in a forced-air oven at 65ЊC, manure is a common amendment in the area. Elemental plots and ground to pass a 1-mm screen. Additional measurements were rectangular (250 ϫ 20 m) and flat, longitudinally crossed for 238 U concentrations were performed by ICP-MS for two by three drainage pipelines. The drainage waters were conleaf samples to check its possible uptake by plants. Radionuducted, through a small canal, toward the Guadalquivir River.
clides were determined by ␥ spectrometry in PG and manure, Treatments were repeated at two consecutive crop seasons as well as in samples of two phosphate fertilizers usually ap- (1998-1999 and 1999-2000) applying the amendments in Octoplied in the zone. For fertilizers, additional analysis was perber. In the first season, sugar beet (Beta vulgaris L. cv. sacchariformed by ICP-MS to determine 238 U and 232
Th. fera Alef.) was cultivated under sprinkler irrigation (sown in For ␥ spectrometry, ReGe and HPGe detectors were used October 1998 and harvested in July 1999; a typical cycle in to measure samples from Blocks 1 and 2, respectively. The the Mediterranean region). Irrigation water was applied at standard geometry for measurements consisted of 50 g of soil 2.5 mm h Ϫ1 . In this season the total rainfall was 223 mm and prepared in a Petri dish. To measure the 226 Ra through its 186 irrigation was 780 mm. Fertilizer was applied to all the plots keV emission it is necessary to solve the interference due to at preplant (52 kg ha Ϫ1 of N, 68 kg ha Ϫ1 of P, and 43 kg ha Ϫ1 the 185.7 keV emission from the 235 U. In PG and fertilizer of K as a mixture of superphosphate [160 g kg Ϫ1 P], urea, and samples it was possible to find out the 235 U activity through K 2 SO 4 ) and sidedress (100 kg N ha Ϫ1 as NH 4 NO 3 ). In the its 143.8 keV emission, but for soil samples it was under our second, cotton was cropped under furrow irrigation (8-10 mm detection limit. Ra activity can be measured through under furrow irrigation was parallel to drains, avoiding water 214 Pb, one of its decay products, after achieving secular equimovement from one individual plot to other. The application librium (in encapsulated samples to prevent losses of 222 Rn), of P corresponds to 450 kg ha Ϫ1 yr Ϫ1 of superphosphate.
but the first method is faster and appropriate enough for our Rain, irrigation, and drainage events were registered, and present purposes. regular sampling of drainage water was manually done in each Radium-226 specific activities in water samples were deterrain or irrigation event during the cropping season (at least mined in a volume of drainage water of 0.5 L. For that, the four samples per event). Drainage registration allows the conwater was neutralized with NH 4 OH. Then, 5 mg of BaCl 2 was struction of the drainage hydrograph for the season. After dissolved in it and about 20 mL of H 2 SO 4 was added to the water. sampling, drainage water was acidified with HNO 3 (to prevent Under these conditions, RaSO 4 coprecipitates with BaSO 4 after adsorption onto the container walls) and stored at 4ЊC before 20 min of continuous stirring. The sample was then filtered radioisotope determination. We aggregated all the samples through Millipore (Bedford, MA) filters (0.45-m pore size). from each plot and each irrigation or rain event to get water volumes around 1 L.
Activity from the filter was measured using a LB 770 low back- 
Radionuclide Inputs
The concentrations of U isotopes in water samples were determined by ␣ spectrometry. A radiochemical method based
The PG used in the treatment had 510 Ϯ 40 Bq Kg Ϫ1 on a sequential solvent extraction with tributylphosphate of 226 Ra (Table 3 ). This value is in good agreement with U. It has a half-life of polonium from the same sample (Holm et al., 1984) . Uranium-24.1 d and different solubility than its parent. When the 232 was added into the water sample to evaluate the radiochemical yield of treatment. Samples were evaporated to dryrate of removal by water is not significant (and always ness and residues were dissolved with 8 M HNO 3 , and after after a long storage time of the samples), it is expected that they were filtered. The solutions were then transferred to be found in secular equilibrium with its parent. The (Talvitie, 1972;  half the values for the 13 Mg PG ha Ϫ1 treatment). García-Tenorio et al., 1986 Ra concenincreased strongly in the second year, due mainly to trations. The application of 450 kg ha Ϫ1 yr Ϫ1 of superthe irrigation system used in the cotton crop (furrow phosphate fertilizer (a usual P fertilizer rate in the zone irrigation). The only significant effect of the amendment for intensive agricultural crops; Delgado et al., 2002) on drainage water was observed in the first season:
represents the incorporation of 0.27 MBq ha Ϫ1 of 238 U. drainage was significantly higher (P Ͻ 0.05) when manure was applied. This fact can be explained by the
Radionuclides in Soils
effect of the organic matter improving soil structure, Cesium-137 is a man-made radionuclide present in although the effect is only evident under sprinkler irrigathe environment after the atmospheric nuclear weapon in the deeper layers of the nonreclaimed marsh soil (Table 5 ). In the surface horizons of experimental plots, southwestern Spain. Actinium-228 is a naturally occurring radionuclide and remained constant during the subsequent irrigation events. Thus, from our data one can reject the hypothefrom the decay series of 232 Th. It was present at lower concentrations in PG and phosphate fertilizers than in sis of an enhancement of U isotope concentrations in the drainage waters due to the treatment with PG. However, soils (Tables 3 and 5) . Thus, no effect of PG amendment on 228 Ac concentration in soil can be expected. Also, these concentrations were one order of magnitude higher than those reported from uncontaminated wathe natural occurrence of this radionuclide explains the similar concentrations in surface and subsurface horiters, where the typical levels were lower than 25 mBq L Ϫ1 (García-Leó n et al., 1995) . zons (Table 5) .
Potassium Ra found in these waters (Table 7) were similar for parable with those observed in subsurface horizons by these authors. Concentrations did not show a clear patall the treatments and comparable with those obtained by García-Leó n et al. (1995) , who reported reference tern with depth. Mean concentrations in the experimental plots were significantly higher (about 20%) than in levels below 3 mBq L Ϫ1 of 226 Ra for natural unpolluted environments. Nevertheless, Martínez-Aguirre and the nonreclaimed marsh soils (Table 5 ). This can be ascribed to the application of potassium fertilizers and García-Leó n (1994a) measured concentrations ranging from 2.4 to 13.7 mBq L Ϫ1 in the Guadalquivir River, to the irrigation with saline water in drought periods.
Due to its low energy, the net area of the 63.3 keV and they increased up to 31 mBq L Ϫ1 in its estuary. Consequently, from the present data one cannot con-
234
Th photo peak cannot be accurately solved with the HPGe detector, but it is possible with the ReGe. As clude a short-term enhancement of 226 Ra concentrations in drainage waters due to the application of PG. the soil samples have been measured several months after collection, 234 Th is in secular equilibrium with 238 U. Tables 6  and 7 , and the annual drainage, from Table 2 ). Radiumbut experimental uncertainties are large and the samples measured with the HPGe detector cannot be used for 226 fluxes were similar for all the treatments, since activity concentrations and cumulative drainage volumes comparison.
Radium-226 raw data in soils (without correction by (1999-2000 season) were similar for all of them. The major fluxes of U isotopes were related to manure treatthe 235 U interference) were similar for all the treatments, although analyzed subsurface samples and samples ment, since this treatment improved the soil aggregation and enhanced drainage under sprinkler irrigation (1998-taken in the nonreclaimed soil showed significantly lower concentrations. Th activity concentration in P fertilcorrected data (Table 5 ). Under the assumption that izers and cotton leaves measured by inductively coupled PG was well homogenized through tilling in the surface plasma-mass spectrometry (ICP-MS). † horizon of soils (30-cm depth), with a mean bulk density The activity concentrations of U isotopes in drainage ‡ Not detected. § Phosphogypsum.
waters were similar for all the treatments (Table 6 ), 
